The aim of the present study was to set up and evaluate a novel method for studies of platelet adhesion and activation in blood and platelet suspensions such as platelet concentrate (PC) samples using protein-coated polystyrene beads and flow cytometry. To demonstrate its usefulness, we studied PCs during storage. PCs were prepared by apheresis technique (N = 7).
Introduction
Platelets have an important role in the haemostatic process. In order to seal damaged blood vessels, platelets will adhere to proteins exposed in the subendothelium. The adhesion process involves several platelet surface receptors. At high shear conditions, platelets will bind to von Willebrand factor (vWF) immobilised on exposed collagen in the vessel wall through glycoprotein (GP)Ib/IX/V receptor complex, followed by platelet activation when GPVI binds to collagen. Firm adhesion and spreading is mediated by GPIIb/IIIa binding to vWF, fibrinogen and fibronectin and GPIa/IIa binding to collagen [1, 2] . This results in platelet activation, shape change, secretion from granule and exposure of phosphatidylserine (PS).
It is important that platelets used for transfusion have good haemostatic ability. However, storage of platelet concentrates (PCs) results in the platelet storage lesion (PSL) including changes in metabolism, surface receptors and response towards agonists, as reviewed by Cauwenberghs et al. and Ohto et al. [2, 3] . Quality testing of PCs often involves analysis by several in vitro methods, including analysis of blood gases, metabolic variables, activation markers, and the more novel technique of analysing aggregation using impedance aggregometry (i.e. Multiplate) [4, 5] . However, there are few studies that investigate the function of platelets in terms of adhesion capacity. One reason is that current available methods are time consuming, complicated to use, and require large sample volumes. The adhesion capacity of stored platelets has been studied using perfusion chambers [6] [7] [8] or cone and-plate devices [9, 10] . These methods require the presence of red blood cells, which complicates the analysis of PCs and introduces a potential source of non-specific and unpredictable effects [8, 9, 11] . As an example, it has been shown that the age of red blood cells used for suspension of platelets from PCs could affect the adhesion [12] . The relevance of the presence of red blood cells when assessing platelet function in vitro on the effects of on the in vivo function is unclear.
The aim of the present study was to set up and evaluate an easy and fast method using protein-coated polystyrene beads and flow cytometry to facilitate investigation and quantification of platelet adhesion in both whole blood and platelet suspensions without the use of pumps or microscopes. This new method was evaluated by studying the adhesion capacity of platelets in PCs to fibrinogen and collagen beads during prolonged storage in parallel with other in vitro methods.
incubator (Helmer PC2200, Helmer, Noblesville, IN) with a stable temperature of 22 ± 2°C.
A sample was taken aseptically on day 1, 5, 7 and 12 from each PC with a sampling bag (Maco Pharma, Tourcoing, France) and used for various in vitro tests (see below). For flow cytometry, the platelet concentration was adjusted to 300 x 10 9 platelets/L by dilution with HEPES buffer. The dilution of the sample for flow cytometry on day 1, 5, 7 and 12 was based on the platelet concentration determined on day 0.
Examination of basal PC parameters
Swirling of the PCs was examined by visual inspection [14] (Abbott Diagnostics Division, Abbot Park, IL, USA). pH was measured at 37ºC with a blood gas analyser (Cobas b221, Roche, Diagnostics GmbH, Mannheim, Germany). Glucose, lactate and lactate dehydrogenase (LDH) were measured in autologous plasma with a chemistry analyzer (Advia 1800, Siemens AG, Erlangen, Germany).
Expression of GPIb, P-selectin and phosphatidylserine (PS) on single platelets in PCs
The expression of the surface receptor GPIb, activation marker P-selectin and PS, a potential marker for apoptosis, was analysed by flow cytometry on a Gallios flow cytometer (Beckman Coulter Inc., Fullerton, CA, USA). Fluorosphere control samples (Flow-Check and Flow-Set, Beckman Coulter Inc.) were used to verify that the instrument performance was stable over time. Expression of GPIb was analysed as previously described [13] . P-selectin and PS exposure was analyzed by adding 3 µL of platelet suspension, diluted as described above, to 7 mM glucose, 1 g/L bovine serum albumin and 20 mM HEPES, pH 7.40) supplemented with 2.5 mM calcium. The antibody solution consisted of anti-CD41a-PE (final concentration 0.03 µg/mL; BD Biosciences, San Jose, CA, USA) and anti-CD62P-PECy5 (P-selectin, final concentration 1 µg/mL; BD Biosciences) or annexin V-FITC (final concentration 0.1 µg/mL; BD Biosciences) for PS expression. As negative control for P-selectin, PECy5 isotype antibody (final concentration 1 µg/mL; BD Biosciences) was used. As a negative control for annexin V binding, HEPES buffer without calcium was used in all steps throughout the procedure for those samples, as the lack of calcium will prevent annexin V binding to platelets [15, 16] . Samples were incubated for 10 min in the dark, followed by dilution 1:20
with the same buffer as for the incubation step. Platelet detection was based on anti-CD41a-PE fluorescence and forward scatter properties [17] and P-selectin or PS exposure presented as percentage of PECy5+ or FITC+ platelets, respectively, with the marker in the negative control samples set to 1-2% positive platelets [18] .
Platelet adhesion to beads of platelets in whole blood and PCs
The adhesion of platelets to beads coated with fibrinogen or collagen was assessed by flow cytometry, beads coated with BSA were used as control. Spontaneous platelet adhesion to beads was assessed as well as adhesion of platelets stimulated with ADP or a peptide activating the platelet thrombin receptor PAR-1 (TRAP-6, amino acid sequence SFLLRN) when platelets in whole blood was analysed. Spontaneous platelet adhesion as well as TRAP-6 induced adhesion was assessed on platelets from PCs. 
Statistics
The results are presented as mean ± standard deviation (SD 
Results

Validation of the bead adhesion assay
Stability and variability
No major differences in platelet adhesion were observed between different batches of proteincoated beads, for beads stored for up to 4 months, or between fresh and frozen fibrinogen beads. Freshly prepared fibrinogen beads showed 25% platelet adhesion as did 3months old beads. One month old collagen beads showed 25% platelet adhesion and 4 months old 28%.
To avoid pre-analytical loss of beads, they were not washed after the coating procedure.
However, we confirmed that the coating solution itself did not induce platelet activation or aggregation (data not shown). Assessing the P-selectin expression on non-adhered platelets in the bead samples confirmed that the beads did not induce platelet activation. We found that only 4-5% of the non-adhered platelets from one day old PCs expressed P-selectin in presence of the different bead types. The coefficient of variation (CV) for platelet adhesion in duplicate samples of whole blood was 20% for BSA and fibrinogen beads and 8% for collagen beads (N = 15-30). The CV for platelet adhesion for duplicate samples of PCs was 10% for fibrinogen beads (N = 28) and 15% for collagen beads (N = 25). To evaluate the precision in pipetting,
we also calculated the variability in bead number and number of single platelets in duplicate BSA bead samples, where low platelet adhesion would be expected. Here, we found the CV to be 7% for bead number and 4% for number of single platelets (N = 6).
Platelet adhesion in whole blood
As shown in Figure 2A , platelet adhesion to beads coated with BSA was consistently low, with 0.9 ± 0.5% of the beads positive for GPIIb (N = 5). Beads coated with collagen ( Fig. 2B) showed a moderate platelet adhesion (17.7 ± 9.2%, N = 5). For BSA and collagen beads, no significant changes were observed when platelets were activated by TRAP-6 or inhibited by abciximab or cangrelor. Platelet adhesion to fibrinogen beads was 24.7 ± 9.0%, but in contrast to the other bead coatings, adhesion increased significantly following platelet activation by TRAP-6 (p < 0.01) and decreased when platelets were inhibited by abciximab (p < 0.01, N = 5). Adhesion to the fibrinogen beads in the presence of ADP was significantly decreased in the presence of cangrelor, as shown in Figure 2C (p < 0.01, N = 4). The flow cytometry findings were also confirmed by parallel examination of samples using phase contrast and fluorescence microscopy, beads incubated with BSA were rarely found with attached platelets, whereas beads with fibrinogen and collagen were frequently found with adherent platelets (Figure 3) . 
PC storage study results
PC characteristics during storage
All PCs had well maintained (+++) swirling until Day 7, but on day 12, one PC showed minimum swirling (+). The result of this PC on day 12 is therefore presented separately.
The changes in PC characteristics during storage are presented in Table I . pH remained at an acceptable level (> 6.4) throughout storage. The glucose consumption rates between day 1-7
and day 7-12 were 0.061 ± 0.013 and 0.074 ± 0.003 mmol/10 11 platelets/day, respectively (p < 0.05). The lactate formation rates between day 1-7 and day 7-12 were 0.117 ± 0.039 and 0.141 ± 0.022 mmol/10 11 platelets/day, respectively (p < 0.05). The unit with minimal swirling on day 12 had a pH below the acceptable level. This unit had lowest glucose level in the beginning of the study and it was depleted by day 12 (Table I) ..
Expression of GPIb, P-selectin and PS on single platelets from PCs during storage
The expression of GPIb remained high throughout storage (Table II) . P-selectin expression increased significantly with time (Table II) . The PS exposure also increased during storage but it was only significantly higher on day 12 (Table II) . The unit with minimal swirling on day 12 had lower expression of GPIb, higher expression of P-selectin and PS than the other units (Table II) .
Platelet adhesion to beads in PCs during storage
The platelet adhesion to fibrinogen and collagen-coated beads is shown in Figure 4 . Adhesion was assessed as percentage of beads with bound platelets (% GPIIb-PE-positive beads) and the amount of platelets bound to the beads (X-median PE on beads with platelets) with and without activation by TRAP-6. Spontaneous platelet adhesion to BSA beads was consistently low throughout the study (2.6 ± 1.5%). The percentage of beads with adhering platelets increased with storage for fibrinogen beads (p < 0.05 at day 12, Figure 4 ) but was unchanged for collagen beads (Figure 4) . However, the median fluorescence of platelets on collagen beads increased with storage to day 7 (p < 0.05). TRAP-6 stimulation increased the adhesion of platelets to fibrinogen beads, with significant increases in percentage of beads with platelets and in the amount of platelets adhering to the beads until day 7 (p < 0.05 as compared to non-activated platelets, Figure 4 ). For the collagen beads, TRAP-6 did not cause any increase in the percentage of beads with adhering platelets, while the median fluorescence increased slightly, although not significantly ( Figure 4B ). On day 7, the percentage of fibrinogen beads with adhering platelets following TRAP-6 stimulation was significantly higher than on day 1 (p < 0.05), but on day 12 the response had decreased to a level similar as on day 1. The TRAP-6-induced platelet adhesion to collagen beads remained unchanged throughout storage even though a small decrease could be detected on day 12. The unit lacking swirling on day 12 showed a similar spontaneous platelet binding to beads, but in contrast to the other units, no increase in platelet adhesion to fibrinogen beads in response to TRAP-6 was observed. 
Expression of P-selectin and PS by platelets adhering to beads during storage of PCs
The expression of P-selectin by platelets adhering to fibrinogen and collagen beads is presented in Table III . The spontaneous expression did not change during storage. TRAP-6
caused a significant increase in the expression of P-selectin on platelets adhering to fibrinogen beads until day 7 (p < 0.01), but the increase was no longer significant on day 12. TRAP-6 did not affect the expression of P-selectin on platelets adhering to collagen beads.
PS exposure on platelets adhering to fibrinogen beads had increased by day 12 (Table IV) . In contrast, PS exposure on platelets adhering to collagen beads had decreased by day 7 but on day 12 the level was similar to day 1. TRAP-6 activation caused a significant increase in PS exposure on platelets adhering to fibrinogen beads until day 7 (p < 0.01), but no longer on day 12. Platelets from the unit with minimal swirling on day 12 showed a lower exposure of PS when adhering to collagen beads but the expression of P-selectin was similar to the other units.
Discussion
Most researchers agree on the importance of measuring platelet adhesion, but there are several drawbacks with many of the currently available methods, including low throughput, cumbersome image analysis and low adhesion in the absence of red blood cells. Our aim was therefore to develop a flexible method allowing rapid evaluation of platelet adhesive capacity in blood or platelet suspensions. The developed method was used to examine adhesion of platelets from PCs during extended storage for 12 days.
Protein-coated beads have previously been used to study platelet expression of P-selectin or up-regulation of the fibrinogen receptor on adherent platelets [19] . However, it was not designed to quantify adhesion and activation of platelets simultaneously. Our method allows platelet adhesion to protein-coated beads to be evaluated with high throughput and rapid evaluation of a number of different variables. By diluting the samples, we minimise the interference of platelet aggregation in our adhesion assay. We used 20 µm beads as they clearly separate from all other cellular blood components in the flow cytometer scatter plots and offer a larger surface for adhesion. In Figure 1 , it may appear as the beads are disappearing in the upper right corner of the log/log scatter plot, but the use of a lin/lin scatter plot to gate the single beads ensures that no beads are being excluded from analysis, and also allows exclusion of multiples of beads from analysis. For collagen beads, the presence of magnesium in the buffer is recommended, as we found a slightly lower adhesion in samples analysed for PS exposure, even though the changes upon activation and storage were comparable. This is also supported by the literature, where the presence of magnesium has been reported to be important for optimal platelet adhesion to collagen [20] . For this reason, Figure 4 only includes data from samples with magnesium in the buffer.
In the whole blood experiments, beads coated with BSA showed low platelet adhesion without any signs of bead-induced platelet activation. Collagen beads showed moderate platelet adhesion unaffected by platelet activation or inhibition. Fibrinogen beads also showed moderate platelet adhesion, but in contrast to collagen, the adhesion increased significantly when platelets were activated by TRAP-6 or ADP and decreased when P2Y12 or GPIIb/IIIa was inhibited, showing that adhesion to fibrinogen beads is sensitive to platelet activation or inhibition. This suggests that this assay could be useful in the evaluation of platelet inhibitors or to detect platelet activation ex vivo.
Platelet adhesion to BSA-coated beads remained low (approximately 2%) throughout the storage period. Storage increased the platelets capacity to adhere to fibrinogen beads.
However, it was not until after the normal shelf-life of PCs (5-7 days) that the increase in beads with adhered platelets became significant (p < 0.05 on day 12). The collagen beads did not change in percentage of beads with adhering platelets, but did increase the amount of platelets adhering to each bead during the first 7 days of storage. There are few studies on platelet adhesion during storage and they vary in the method of platelet preparation, storage length and storage media, making direct comparisons difficult, as all these factors affect platelet function [6, 7, [9] [10] [11] . Furthermore these studies have tested platelets in presence of added red blood cells which could also influence their results.
In our study, stimulation with the platelet agonist TRAP-6 increased the adhesion of platelets to both fibrinogen and collagen beads, but for collagen beads, the changes were smaller. The platelet adhesion to fibrinogen beads in response to TRAP-6 increased with storage to day 7
but was followed by a decrease by day 12. The reason for the changes in adhesion with storage is not clear but might be related to differences in expression of adhesion receptors on the platelet surface. The GPIIb/IIIa receptor is responsible for platelet binding to fibrinogen and aggregation. Several studies have shown a well preserved GPIIb/IIIa expression during storage [6, 21, 22] but GPIIb/IIIa have also been reported to increase [23] and the receptor can exist in an activated or non-activated form, thus further complicating interpretations. Analysis of the active conformation of GPIIb/IIIa was not assessed in our study, which would have been of interest since there are studies reporting that the GPIIb/IIIa receptor undergoes changes with storage [2, 24] , which might be one explanation to the increased platelet binding to fibrinogen beads observed in our study.
The expression of P-selectin on platelets adhering to fibrinogen or collagen beads was unaltered by storage. In general, platelets adhering to collagen-coated beads showed a higher P-selectin expression than the ones adhering to fibrinogen beads. PS exposure on platelets adhering to fibrinogen beads increased gradually with storage. A higher fraction of the collagen-binding platelets were exposing PS, which is consistent with other reports showing that adhesion to collagen leads to exposure of PS [8] . Exposure of PS on platelets adhering to collagen beads was significantly lower on day 7 as compared to day 1, but then increased again at day 12, presumably connected to the spontaneous increase in PS exposure also detected on single platelets. TRAP-6 stimulation induced an increase in P-selectin and PS on platelets adhering to fibrinogen until day 7 but did not have any additional effect on the expression of P-selectin or PS on platelets adhering to collagen beads. The reduced response to TRAP-6 at the end of storage (lower fibrinogen binding and lower expression of P-selectin on adherent platelets) is in accordance to other studies using aggregometry to assess platelet function [25] [26] [27] .
The single platelets showed no changes in GPIb expression as shown previously [13, 28] but there are also studies reporting a decrease in the expression of GPIb during storage [29, 30] .
P-selectin increased with time as shown by us and others [6, 13, 31] . PS exposure increased only minimally during the normal shelf-life of PCs but by day 12, the exposure had increased significantly. Others have also shown an increase in PS exposure during storage, but to various degrees [6, 16, 18, 30] , the consequences of these apoptotic features during storage are largely unknown. Our results are in accordance with the results by Leytin et al. [32] that platelet activation is triggered before exposure of apoptotic features and our results support the hypothesis that apoptosis is triggered beyond the current shelf-life [1, 30] . It was also after day 7 that greatest changes in platelet adhesion and activation response occurred and they coincided with an increased rate in glucose consumption-and lactate formation.
One PC had only minimal swirling on day 12, presumably as glucose got depleted, although bacterial overgrowth cannot be ruled out as a contributing factor, as this was not investigated.
This unit showed no increase in adhesion to fibrinogen after stimulation with TRAP-6 and the PS exposure of platelets adhering to collagen beads was lower despite a high spontaneous PS exposure, suggesting that platelets already showing signs of apoptosis are not capable of a proper activation response following adhesion to collagen beads.
There are some limitations with the described method. It shows a CV ranging between 8-20%
for whole blood samples and 10-15% for PC samples, but this is comparable to what has been previously reported using perfusion chambers and cone and plate devices [12, 33] , and as the sample preparation and analysis is rapid, duplicate or triplicate samples can be analysed.
Another limitation is that our assay measures adhesion under less well defined, low shear conditions as compared to the use of flow chambers, but its simplicity makes it possible to use in clinical settings, where flow chambers would not be a feasible alternative. Furthermore this was a small in vitro study with large variation between PCs and the effects need to be elucidated in a larger clinical study.
Despite these limitations, our adhesion method offers a simple and user-friendly alternative to conventional adhesion methods and allows for rapid evaluation of a number of different variables. Furthermore we here show that our assay does not require presence of red blood cells and thus it allows for analysis of adhesion of platelets from concentrates without the requirement of sample manipulation by the addition of red blood cells as such have previously been shown to effect the results [12] . The method can be used for analysis of adhesion alone or of activation-induced adhesion in combination with analysis of activation/apoptosis markers following stimulation with different platelet agonists in both whole blood and PCs.
The assay could be used to study platelet inhibitors and elucidate mechanisms involved in platelet adhesion of whole blood. The method could be used to study the adhesive properties of platelets in PCs following different preparation methods and storage variables. To be able to investigate potential subtle changes in platelet function during preparation and storage, it may be possible to increase the sensitivity and decrease the variance of the assay by modifications in protein coating, incubation conditions, shear, and other variables.
In conclusion, we describe a method that enables adhesion to be measured in platelet suspensions such as PCs. During storage of PCs, an increase in platelet adhesion and activation up to day 7 was observed, whereupon the activation response decreased. Our results suggest that the spontaneous adhesion is relatively well preserved during 12 days of storage, but that the capacity of activation-induced adhesion is decreasing.
